Introduction
In EEG, particular sharp transients like spikes, sharp waves, spike-wave complexes or polyspikes are summarized as interictal epileptiform discharges (IEDs) [1, 2] . They are characteristic for patients with epilepsy and reflect a hyperexcitability and functional impairment of the brain. The EEG-recording of IEDs can be helpful to establish the diagnosis of epilepsy in patients with paroxysmal events but unreliable history or lack of seizure description [3] [4] [5] . However, the sensitivity of routine EEGs is low. After the first or second seizure, standard EEG reveals IEDs in only 12.5-50% of the epilepsy patients [6, 7] . Thus, an epileptic seizure etiology cannot be eliminated immediately after a single normal EEG recording.
In epilepsy patients IED frequency varies interindividually and is associated with some clinical factors, like duration of epilepsy [8, 9] or time to last seizure [10] [11] [12] [13] [14] [15] , others, like seizure frequency or antiepileptic drug use, are controversial [8] [9] [10] [11] 14, 16] . The IED yield can be increased up to 92% by multiple repetition of the EEG recording [6] , implementation of activation methods and EEG performance during sleep or after sleep deprivation [6, 7, 10, 12, [17] [18] [19] [20] [21] . Alternatively, EEG recordings can be done over a longer period of time. Only in few epilepsy patients no IEDs can be found, e.g. in patients with grand-mal or frontal lobe epilepsy [21] . In healthy subjects, though, IEDs only occur in 0.5-2% [22, 23] . Thus it is of interest how long EEG recordings have to be done to detect IEDs, if present, with reasonable certainty and to identify those patients without IEDs. While there is evidence suggesting that a three day telemetry EEG is sufficient to detect seizures in the majority of patients, the latency of IEDs in long-term EEG has only been studied either with a limited number of patients or with short EEG recordings [24] [25] [26] [27] .
Inpatient long-term EEG is expensive in terms of personnel and technical resources. Costs for EEG monitoring (without video) for inpatients has been estimated to be $900-$1400 per day in the US, s567 per day in Europe (mean of n = 10, personal communication of own data) and around $70 per day in India [28, 29] . In addition to the use of limited hospital beds, the EEG analysis requires the involvement of a highly specialized team. Therefore, knowledge about the probability to detect an IED in long-term EEG recordings within a given time impacts clinically to make a firm diagnosis and economically to estimate the time of recording.
The purpose of our study was to determine the latency of IEDs in long-term EEGs in patients with epilepsy, the relation between IED and seizure latency, and the clinical parameters affecting IED latency.
Material and methods
This study complies with the institutional review boardapproved ethical guidelines of the University of Mainz and all patients had given written informed consent to the scientific use of their clinically acquired, anonymized data.
Participants
We performed a retrospective analysis of 300 consecutive patients admitted to the video-EEG lab at the University of Mainz, Epilepsy Center (Germany). Patients were referred for syndrome classification, evaluation for surgery, or differential diagnostic allocation of unclear paroxysmal events. We documented demographics as well as seizure type, epilepsy syndrome, etiology of epilepsy, age of onset, duration of epilepsy, current number of antiepileptic drugs (AEDs) at the beginning of EEG recordings, EEG results, imaging findings, and seizure frequency at the time of admission and in the previous 12 months. In patients on antiepileptic treatment at the time of admission, AEDs were reduced using the following general principles: (1) if prior intake >1 AED: stop all but one AEDs, but leave one AED on full dose on the first day and reduce to basic dose (approx. 50-75% of lowest indicated dose) on days 2-5; (2) if only one baseline AED reduce to basic dose (as above) on day 1; (3) give lorazepam 2.5 mg sublingual after each generalized tonic-clonic seizure. Patients with unclear paroxysmal events (n = 90) and no evidence of epilepsy by history and from previous long-term EEGs were excluded. Therefore, only patients with unequivocal epilepsy (n = 210) based on witnessed seizure reports and/or interictal or ictal epileptiform discharges on EEG were analyzed for this report. Epilepsy syndromes were classified (by KJW) using a semiological seizure classification [30] and including all available clinical information.
Continuous video-EEG recordings were done over a median of 101.5 h [range 3-399, mean AE SD = 120.7 AE 62.7, 90% ! 60 h] using 24-(n = 26) or 32-(n = 184) channel surface EEG with gold cup electrodes (Grass Technologies, West Warwick, RI) attached to the skull (10/20 and 10/10 positions) using collodion. 0 PC Monitor using a conventional EEG software (Excel-Tech Ltd., Toronto, Canada). EEG recordings usually started during the late morning to early afternoon (median time of start of the recording 12:44 pm). Anonymized EEGs were independently analyzed by two experienced board-certified EEG readers (one epileptologist and one neurologist). Both EEG readers independently had to agree upon the first interictal epileptiform discharge (IED) from the onset of EEG recording. In case of disagreement, EEG traces were reviewed with both readers present and a consensus was reached on a case by case basis or the IED discarded in case of disagreement. From the beginning of the recording, all EEG records were manually screened at least until the first IED was noted. All first IEDs and their latency were marked and the state of vigilance (awake or sleep) recorded. An IED was defined as a spike, spike-or sharp-wave or polyspike of <200 ms duration distinguished by its morphology and/or amplitude from normal background activity [2] . Electrical field distribution was carefully analyzed in different montages to ensure realistic and biological field distributions in topographically meaningful electrode positions and to avoid false positive findings due to artifacts. Non-epileptic spikes like small sharp spikes or wicket spikes were not considered in our analysis. For the purpose of this study, sleep was defined as non-rapid eye movement sleep stage 1 ( NREM 1 
Results
A total of 210 patients with a mean (AE SD) age of 38.6 AE 13.9 years (55.2% females) and an average duration of epilepsy of 16.4 AE 13.7 years were included in the study. A total of 25 (11.9%) patients had genetic (idiopathic generalized) epilepsy (GE), 176 (83.8%) patients had structural-metabolic (focal) epilepsy (FE), and nine patients (4.3%) had epilepsies of unknown cause with both generalized and focal EEG features (UE). Demographics and characteristics of the patient population are shown in Table 1 . Patients with GE differed from those with FE in that they were younger at the time of EEG recording and younger at epilepsy onset with no difference in disease duration (Table 1) . Other clinical variables and the duration of EEG recordings did not differ. Patients were treated with antiepileptic drugs (AEDs) in 88.1%, whereby one or two AEDs were taken by 72.4% of patients.
Occurrence of interictal epileptiform discharges
IEDs were present in 165 of 210 patients (78.6%). No IEDs were found in 45 patients (21.4%) -i.e. 36 out of 176 patients with FE (20.5%), seven of nine patients with UE (77.8%), and two of 25 patients with GE (8%). In twenty-one patients (46.6% of those without IEDs) no IEDs were found, even though they had a seizure and there were 24 (11.4% of 210) patients who neither had IEDs nor seizures despite a median duration of EEG recordings of 72.5 (CI: 48-112) h. Overall, the median duration of EEG recordings was 115.0 (CI: 92-137) h and 91.0 (CI: 72-112) h for patients with and without IEDs, respectively (not significant, ns). Duration of EEG recordings in those without IEDs (n = 45) was ! 72 h in 86.7% of patients.
There was no significant difference in IED occurrence between the different epilepsy syndromes: IEDs were present in 23 (92%) of 25 patients with GE, 140 (79.5%) of 176 patients with FE, and in 2 (22.2%) of 9 patients with UE (ns). However, IEDs were significantly more frequent in patients with temporal lobe than in those with extratemporal lobe epilepsies (p < 0.001) ( Table 2 ). In the group of ninety temporal lobe epilepsy (TLE) patients (median EEG duration: 107.5 h (range 22-399)), IEDs were found in 94.4% (n = 85); the other five TLE patients (5.6%) had no IEDs despite EEG recordings for 48-140 h.
Next, we analyzed factors related to the presence of IEDs. Patients with IEDs had an earlier onset (mean AE SD, 20.6 AE 14.0 years vs. 28.3 AE 18.8 years, p = 0.01) and longer duration of epilepsy (17.9 AE 14.0 years vs. 11.3 AE 11.3 years, p = 0.001), were more often taking AEDs (81.1% vs. 18.9%, p < 0.05), and more often had a structural etiology (85.2% vs. 14.8%, p < 0.05) compared to those without IEDs. Focal epilepsies were more common (84.8% vs. 80%) and GE more rare (4.4% vs. 13.9%) when IEDs were present, but these differences were not significant.
Latency of interictal epileptiform discharges
The overall (n = 210) median (mean AE SD) IED latency was 9.3 (18.5 AE 23.9) h (range 29 s to 123.3 h, 95% CI of median 7.5-11.4 h). Analysis of the cumulative frequency distribution of IED latencies in patients with IEDs (n = 165) revealed that 7.3% of the first IEDs were present within 20 min, 9.7% within 30 min, 74.5% within 24 h, 87.9% within 48 h and 96.4% within 72 h. Thus, the majority of IEDs already occurred within the first 24 h (Fig. 1 ).
There was no significant difference in IED latency between focal and generalized epilepsies nor between patients with temporal (n = 90) and non-temporal lobe (n = 86) epilepsies, although median latency of IEDs in GE was shorter than in FE (4.5 h, CI: 1.2-13.5 vs. 10.0 h, CI: 8.6-12.0) (Fig. 1) . First IEDs in GE were more frequent during awake (66.2% vs. 37.1%, p = 0.02) whereas during sleep in FE (62.9% vs. 34.8%, p = 0.02). Two thirds of first IEDs in TLE patients (n = 90) occurred during sleep and one third during wakefulness with equal distribution between left (awake IEDs in 35.5%) or right (30.5%) TLE. Other clinical variables (frequency of seizures, number of AEDs, etiology, age of onset or duration of epilepsy, and epilepsy syndrome) did not influence IED latency.
Latency and frequency of epileptic seizures and their relation to IED
Epileptic seizures occurred in 140 (66.6%) of all patients with a median latency of 21.6 (CI: 16.8-27.3) h. Twenty-one patients (15%) had a seizure but no IED despite an EEG recording for 95.0 (CI: 73.7-142.9) h and seizures occurring within 12.8 (CI: 5.5-31.9) h and in 75% of these patients within the first 32 h of the EEG recording. The latency and frequency of IEDs was not significantly different between patients with (n = 140) or without (n = 70) seizures (latency 20.8 vs. 12.8 h, frequency: 73.6% vs. 65.7%, ns). On the same line, seizure latency did not differ significantly between patients with (n = 119, 22.7 h (CI: 17.6-28.2)) and without IEDs (n = 21, 12.8 h (CI: 5.5-31.9)) (ns). In contrast, the frequency of seizures during video-EEG was significantly higher in patients with (n = 165) than in those without IEDs (n = 45) (72.1% vs. 46.6%, p < 0.01). We also analyzed whether IED latencies might have been influenced by previous seizures, i.e. if IED latency differed depending on a previous seizure or not. IED latencies following seizures in patients who first had a seizure (n = 40) -measured from the onset of the seizure to the first IED after the seizure -did not differ significantly from IED latencies in patients who either had no seizure or an IED before the first seizure (n = 125) (13.7 vs. 7.5 h, ns). Since first seizures in general occurred much later than first IEDs, latencies of IEDs in patients who had an IED before a seizure (n = 80) was shorter compared to those who started to have a seizure followed by an IED (n = 40) (5.5 vs. 29.6 h, p < 0.001). To analyze whether patients with early IEDs are more likely to have early seizures, patients with both IEDs and seizures (n = 119) were arbitrarily divided in those with early-and late IEDs based on the median IED latency of 9.3 h of all patients. Early seizures ( 23 h) were numerically more frequent in patients with early compared to those with late (>9 h, n = 65) IEDs (61.1% vs. 44.6%, not significant).
IED occurrence in relation to IEDs in previous standard EEGs
Information on standard-EEGs with a duration of 20 min performed in our department prior to the video-EEG recording was available in 167 of 210 patients (79.5%) (between one and four EEG recordings, 18 patients had two, seven three, and two patients four previous EEGs). During these standard-EEGs, IEDs were present in 43 patients (25.7% [FE 88.4%, GE 9.3%, and UE 2.3%]). Patients with IEDs in standard-EEGs were significantly more likely to also have IEDs during EEG monitoring (95.3% vs. 75.8%, p < 0.01), but IED and seizure latencies did not differ significantly whether IEDs on previous standard-EEGs had been present or not (IED latency: 4.4 vs. 9.8 h and seizure latency: 20.8 vs. 19.6 h, ns).
Discussion
The findings of this study demonstrate that in epilepsy patients, IEDs, if present (78.6% of all patients), almost always (96.4%) occur within the first 72 h of continuous EEG recording. Indeed, in only 3.6% of patients with IEDs, the abnormalities appeared after more than 72 h. This is in agreement with previous studies, which report that in long-term EEGs IEDs tend to occur early, i.e. within the first 24 h, and in 3 out of 4 patients [25, 26] . Further, the yield of IEDs was shown to be higher in 72 h of continuous EEG recording than in routine EEGs where it amounts to 46-50%, increasing by EEG repetition with an IED yield up to 92% in the fourth routine EEG [6, 10] and by sleep recordings [33] . Of note, our results may not apply to all patients with epilepsy since our study cohort consisted in the majority of patients with drug resistant focal epilepsy referred for surgical evaluation [34] .
Latencies of IEDs in GE were similar to those reported earlier and revealed to be shorter than in FE, confirming previous results of Losey and Uber-Zak [26, 27] . The lack of significance in our study is due to the small number of GE patients and the high variability of IED latency, as we did not plan to analyze the day-time distribution of IEDs. It is well established that IEDs in FE are more frequent during sleep and in particular during NREM 3 [35] [36] [37] . Accordingly, first IEDs in FE mainly occurred during sleep. Although less important, sleep also tends to activate IEDs in GE, typically with sleep onset increasing through NREM 3 [38, 39] . Yet, in our study first IEDs in GE were present more frequently when patients were awake. Given that IEDs occurred only after a few hours of recording in patients with GE, this discrepancy might be explained by the fact that recordings usually started in late morning or early afternoon. Patients with GE were therefore more likely to be awake when the first IED occurred.
In general, IEDs were more frequent in patients with a structural cause of their epilepsy and we confirmed that the occurrence of IEDs is influenced by several factors, e.g. it was higher in patients with an early onset and a longer duration of epilepsy [11, 16] . The IEG yield was especially high in TLE patients when EEGs were recorded in the hours directly following a seizure [14, 40] . The increased incidence of IEDs in patients with early onset epilepsy may partially been influenced by the inclusion of patients with GE, who had IEDs in 92% and also had an earlier onset of their epilepsy. That fact that more patients with IEDs were taking AEDs and more often had IEDs already in prior routine EEGs might reflect that this group consisted of more severely affected individuals since it is known that the prevalence of IEDs in routine EEGs of first-seizure patients varies between 12 and 50%, while it is much higher in more severely affected individuals with longstanding epilepsy [10, 27, 41, 42] .
In our study, none of these factors correlated with IED latency, suggesting that latency and frequency of IED occurrence represent separate aspects of interictal epileptiform activity. Our observations extend previous knowledge in several aspects. First, we did not find IEDs in 21.4% of patients. It may be obvious that the EEG sensitivity can be increased by longer or repeated EEG recordings, as well as simultaneous magnetencephalography (MEG)/EEG recording [6, 10, 25, 27, [43] [44] [45] ]. Yet, 21% of patients in our series did not have IEDs despite long-term EEG recordings and seizures. EEGs with neither IEDs nor ictal EEG abnormalities were present in 11.4% of all patients. This is of importance, because it is suggesting that the proportion of patients with no IEDs in long-term EEGs seems to be higher than previously thought. IED-negative rates in earlier reports in patients with FE varied between 7.1 and 8% in long term recordings of patients with longstanding epilepsy and have been estimated to be as low as 4.7% with serial routine EEG and reevaluation of diagnosis after seven years [25, 46, 47] . Both previous studies, however, included only 46 and 22 patients and may therefore be limited by lack of power [25, 46] . The higher IED-negative rate in our series might be attributed to differences in populations, since our patients were characterized by a higher mean age (38 years vs. 30 years in [46] and patients from 10 years onwards in [25] ) and a lower percentage of patients with TLE (43% vs. 67% in Ergene et al. [25] and 100% in Narayanan et al. [46] ) in whom -consistent with our findings -the likelihood of IEDs has been reported to be particularly high [14, 46] . Thus, our study included a higher number of patients with extratemporal lobe epilepsies with low IED rates [40] . In patients with uncertain diagnosis, it can be argued that based on our findings EEG recordings for more than 72 h are not helpful to detect IEDs. Instead, repeated long-term EEGs on different days or video recordings of a typical event may be required.
As a second aspect, even with EEGs of sufficiently long duration, 21 patients with a video-EEG documented epileptic seizure still had no IED. This might be due to sensitivity problems of surface EEG, which sometimes fails to detect epileptiform discharges, especially when they originate from deeper brain areas [22, 45, 48] . This could, however, also argue against IEDs being predictive of seizures. Three results of the present series question a causal relationship between IEDs and seizures: (1) IED frequency and latency was independent of whether patients had seizures or not and (2) seizure latencies did not differ between patients with and without IEDs. (3) IED latencies were shorter in patients who first had an IED compared to those who first had a seizure, and IED latencies tended to be longer following seizures, which is in contrast to the assumption that IEDs are more frequent following seizures [13, 14] . Our results were not significant due to a lack of power, but they possibly indicate that IEDs are first suppressed and then facilitated following seizures. The fact that seizures occurred more frequently in patients with IEDs simply may reflect that patients with IEDs were more severely affected.
Ré mi et al. [40] reported that the frequency and location of IEDs greatly differs depending on the site of the lesion, based on data from 390 patients. They showed that in TLE, IEDs are commonly present (no IEDs in 2.3% of n = 266 patients) and often correlate with lesion location. In contrast, IEDs are rarer in frontal, central, or parieto-occipital lobe epilepsies (no IEDs in 21.0% of n = 124 patients), and in particular in epilepsies arising from central areas close to the midline with IEDs present in only 45% of patients [40] . Our data support these findings in that IEDs were present significantly less often in extratemporal lobe epilepsies and occurred in 94.4% of patients with TLE. In addition, only 85 of 176 patients (48.3%) had TLE, possibly explaining the relative higher rate of IED negative studies in our series.
Changes in AED medication need to be considered as a possible bias to our findings. Although, the effect of changes of AEDs is not entirely clear in focal epilepsy, the EEG IED rate is influenced by changes AED dose in patient with generalized epilepsy, i.e. in 11.9% of our patients [49] . In focal epilepsy, most clinical studies showed no alteration in IED frequency with AED administration, some earlier studies even suggesting a decrease [9] [10] [11] 50, 51] . There is human and animal evidence that the frequency of IEDs is very little influenced by AEDs and that IED rates, in contrast, decrease after AED withdrawal [13, 52] . Therefore, we think it to be unlikely that AEDs had a major influence on our findings although a bias by AED medication cannot be totally ruled out. In addition, our AED reduction policy is more prudent compared to others since we keep drugs unchanged in the first 24 h in patients on more than one AED, suggesting that an alteration of IED frequency and latency should have affected only the minority of IEDs occurring beyond this time [25] .
Our analysis is limited by its retrospective nature, affecting the type and diversity of the population included, as well as the fact that we did not standardize the time of onset of EEG recordings and did not control for changes in medication. In addition, we cannot rule out that we might have missed or misinterpreted IEDs by manual analysis of EEG tracings given that interrater variability of EEG records tends to be high [53] [54] [55] . The latter is a common problem in EEG interpretation and may have also biased IED detection rate and results for IED latency in our study, even though EEGs were interpreted only by EEG-board certified and experienced epileptologists using continuous values, as this was reported to be associated with lowest interrater reliability and automatic EEG interpretation not being established yet [54] [55] [56] . There is also a risk of misdiagnosis in those patients who were diagnosed and included only based on seizure history. This might have increased the number of EEGs without epilepsy specific findings on longterm EEG in our study in case of non-epilepsy diagnoses. Conclusions on the number of false negative long-term EEGs should therefore be interpreted with caution keeping this limitation in mind. On the other hand, a limitation to patients with IEDs or ictal EEG patterns at study entry would have biased the population to be less reflecting clinical practice.
Conclusion
Our results have some practical implications for long-term EEG recordings. If IEDs occur there they seem to be present in the first 72 h of EEG in most cases, indicating that such duration of recording likely will determine the presence of IEDs in the majority of patients with active epilepsy. Still, in this study one in five patients did not have any IEDs even with long EEG duration. Since IEDs may be present in conditions other than epilepsy and since one in 10 might not have seizures or IEDs in long term EEG, repeated recordings or video records of habitual events should be considered in critical patients to minimize false negative studies leading to detrimental clinical conclusions. Future studies should be performed in more homogenous groups of patients with newly diagnosed, untreated epilepsy of short duration to make this data more useful in everyday practice.
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